ABSTRACT The musculoskeletal and proprioceptive sensory systems exhibit intricate crosstalk between force generation, force sensation and force transmission, all of which are critical for coordinated animal locomotion. Recent developmental studies of the musculoskeletal and proprioceptive units of the invertebrate Drosophila embryo, have revealed several common molecular and structural principles mediating the formation of each of these systems. These common principles, as well as the differences between the developmental programs of the two systems, are discussed. Interestingly, a molecular pathway triggered by the Neuregulin/Vein ligand-dependent activation of the epidermal growth factor receptor (EGFR) pathway, which upregulates the early growth response (EGR)-like transcription factor Stripe, is utilized not only by the Drosophila muscle-tendon and proprioceptive organ-ectoderm attachment, but also by their vertebrate counterparts. An additional theme that has been observed during the development of the musculoskeletal system in both invertebrates and vertebrates is the functional importance of the extracellular matrix and its adhesion receptors. The contribution of mechanical forces to proper junction formation between muscles and tendons and between the sensory cap/ligament cells and their epidermal attachment cells is discussed. The structural and genetic similarities between the musculoskeletal and the proprioceptive systems offer new perspectives as to their common developmental nature.
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Assembling the musculoskeletal system
The development of the musculoskeletal system is fundamental for the formation of motile multicellular organisms. Functional musculoskeleton consists of a contractile component -the muscle fibers, a connecting elastic cellular constituent -the tendons, and a rigid component -the cuticle (in invertebrates) or bone (in vertebrates) (Schnorrer and Dickson, 2004; Schweitzer et al., 2010) . All three constituents are tightly linked through specialized junctional elements, which include adhesion receptors and various types of extracellular matrix components that connect these elements together and provide elastic properties to the system (Subramanian and Schilling, 2014; Subramanian and Schilling, 2015) . How these distinct elements assemble during embryonic development is the subject of an active research in both invertebrates and vertebrates species. Below is a brief summary of the strategies taken by the invertebrate model organism Drosophila melanogaster as well as zebrafish and mouse as the vertebrate representatives for musculoskeletal assembly; similarities and differences between these two model systems will be highlighted. In this review we will primarily focus on mechanisms that regulate the interactions between muscles and tendons rather than bones and tendons (for a specific review on this junction see (Lu and Thomopoulos, 2013; Zelzer et al., 2014) .
Building a functional proprioceptor
Coordinated locomotion depends on fully functional musculoskeletal system, but it also requires a sensory system that conveys information to the brain about the posture and movement of body parts. This sensory system, referred to as the proprioceptive system, is patterned in coordination with the musculoskeletal system and shares some of the underlying patterning mechanisms.
In vertebrates, the most prominent type of muscle stretch proprioceptors consists of Ia-afferent neurons that innervate specialized encapsulated intrafusal muscle fibers (muscle spindles) and relay information about the muscle contractile status directly to the central nervous system (Crowe and Matthews, 1964) . The muscle spindles are also innervated by fusimotor efferent nerves, which are required to maintain the stretch sensitivity of the spindle as the muscle contracts or stretches. Muscle spindles sense alterations in muscle fiber length, but they cannot sense changes in the length of the muscle-tendon complex that stem from tendon stretching. Another type of mechanosensory organs, the Golgi tendon organs, which are innervated by Ib-afferent neurons, provide the complementary ability to sense the tension of tendons (reviewed in (Jami, 1992) , however their function is less understood.
Although invertebrate proprioceptors are structured very differently from vertebrate proprioceptors, the underlying principle of action is similar. In both systems a proprioceptive neuron responds to relative displacement of two anchoring points whose distance from each other changes as a result of muscle contraction. In invertebrates however, (e.g. Drosophila) the proprioceptive neurons do not innervate the muscle itself; rather, they innervate sensory structures that are attached to the cuticle, and sense muscle contractions indirectly by sensing conformational changes exerted on the exoskeleton by muscle contractions.
The major proprioceptive system in Drosophila consists of stretchreceptive organs called chordotonal organs (ChO) (Caldwell et al., 2003) , which are stretched sub-epidermally in close proximity to the layer of body-wall muscles (the fly larva equivalent of skeletal muscles) (Figure 1 ). They attach to the cuticle via specialized epidermal attachment cells and are activated by relative displacement of the two attachment points that leads to elicitation of a neuronal impulse (Reviewed in Field and Matheson, 1998) .
There are several subtypes of ChOs, but they all contain a sensory unit that consists of a bipolar neuron enwrapped by a scolopale cell. The scolopale cell is attached on both its 'dendritic' side and 'axonal' side to accessory cells (cap and ligament cells, respectively) that attach the organ to its epidermal attachment cells (Figure 1 ). Thus, similarly to the musculoskeletal system, the proprioceptive system in Drosophila consists of three elements: a sensory unit that translates mechanical stimuli into neuronal signals, the attachment cells that connect the sensory unit to the cuticle, and the cuticle itself. Similarly to the musculoskeletal system the three components of the proprioceptive system are tightly linked through specialized junctional components required for the maintenance of organ integrity and function. Many of the proteins characterizing the myotendinuous junction (MTJ), including specific adhesion receptors and extracellular matrix components, are shared by the ChO junction (Greenblatt Ben- El et al., 2017) . As discussed below, some of the molecular mechanisms involved in the assembly of the musculoskeletal system are also involved in the assembly of functional proprioceptors.
Muscle targeting to tendons in Drosophila: a combination of intrinsic and extrinsic signaling
Similarly to ChO, muscle fibers are born distant from the final attachment site. What are the mechanisms directing the precise match between muscle fibers and tendons? Several experimental evidences exclude specific one-to-one relationships between a given muscle and a given tendon, and support an alternative strategy by which distinct muscle types are capable of binding to various tendons located at different ectodermal sites. For example, transforming the identity of the thoracic muscles into abdominal muscles did not affect their ability to attach thoracic tendons (Greig and Akam, 1993) . Consistently, the key transcription factor regulating tendon cell identity, Stripe, an EGR-like zinc finger protein, is common to all future tendon cells in the embryo, and so far tendons with specific identity were not described (Frommer et al., 1996; Volk and VijayRaghavan, 1994) . Overexpression of Stripe in the entire ectoderm promotes ectopic adhesion of muscles without any sign of specificity, implying that once the tendon cell fate has been defined it will bind with any muscle type (Gilsohn and Volk, 2010a; Gilsohn and Volk, 2010b) . Muscles on the other hand show high degree of fate specificity. Each of the 30 types of muscle fibers present in a single abdominal embryonic hemisegment expresses a unique combinatorial set of transcription factors dictating muscle directionality, length, and number of nuclei to be fused (Baylies et al., 1998; Schejter and Baylies, 2010) . These and other observations support the notion that the specificity of the muscle-tendon interaction is primarily dictated by the type of muscle rather than the identity of the tendon. Moreover, muscles contribute a differentiation factor to tendons following muscle-tendon encounter. This signal is Vein/Neuregulin, the only secreted ligand of the single EGF receptor (EGFR) present in the Drosophila genome. Vein/Neuregulin secretion from muscles leads to non-autonomous activation of the EGFR/MAPK signaling in the closest tendon cell, essential for further maintenance of Stripe expression in the muscle-bound tendon cell (Yarnitzky et al., 1997) . Thus, whereas Stripe potentiates ectodermal cells to become tendons, a muscle-dependent activation of the MAPK signaling in these ectodermal cells is further required for determination of the tendon cell fate. In addition to the positive feedback by MAPK signaling at the transcriptional level of stripe, it also provides a positive post translational signal as a result of a direct phosphorylation of the hnRNP K RNA binding protein HOW/Quaking, whose binding activity to the mRNA of the stripeA isoform promotes its stabilization, leading to the elevation in the levels of StripeA required for tendon cell maturation (Lejard et al., 2011; Nabel-Rosen et al., 1999; Nabel-Rosen et al., 2002; Nir et al., 2012; Volohonsky et al., 2007) . This muscle-to-tendon positive feedback forms the basis for a muscle-dependent tendon cell differentiation and highlights the key role of muscle binding in tendon cell differentiation.
Targeting muscles to tendons and formation of the myotendinuous junction in vertebrates
The mechanisms that regulate tendon and MTJ formation in vertebrates are still largely unclear essentially due to the lack of molecular tools and markers that mark progenitors of these tissues. Although as in Drosophila, EGR transcription factors, EGR-1 and EGR-2, are expressed in tendons, they do not regulate tendon identity but rather promote their differentiation (Guerquin et al., 2013; Lejard et al., 2011) . The finding that Scleraxis (Scx), a bHLH transcription factor, marks tendon progenitors (Schweitzer et al., 2001) allowed studying the early stages of tendon development and consequently its interactions with the neighboring tissues -muscles and bones. However, deletion of scx although resulting in tendon deformities, did not lead to loss of tendon identity or MTJ formation, suggesting that other factors may be responsible for tendon identity, or that it is regulated via a combination of factors (Murchison et al., 2007) .
The first interaction between muscles and tendon progenitors occurs in the somites where elongating myofibers anchor along the somitic boundaries. These intersomitic regions, also called myosepta, are not bona fide tendons as they do not connect the muscle to a bone. Functionally however, they act as tendons by transmitting muscle contractile forces. Because many of the processes and proteins participating in anchoring of the somitic myofibers to the myosepta are similar to those taking place at later stages we shall refer to these as MTJs.
Key to our understanding of MTJ formation is the need to form an intermediate region that connects two mechanically different tissues -the muscle and the tendon. To overcome the biophysical differences between muscles and tendons, the MTJ is a region with distinct extracellular constituents that grant its unique mechanical properties and allows the attachment of the myofibers onto the tendon's matrix. Thus, major players of MTJ formation are extracellular components such as Thrombospondin (Tsp), Laminin and Fibronectin (FN) that apart from regulating matrix biomechanics also act as integrin ligands and as such facilitate the anchoring of the integrin expressing myofibers to the tendon matrix. In contrast, the dystroglycan complex (DGC) that is involved in myofiber anchoring to the ECM and also at the MTJ is not required for initial MTJ formation (Snow and Henry, 2009) .
In zebrafish, slow and fast myofibers are spatially segregated within the somite. Slow fibers initially reside in the medial part of the somite and migrate laterally in a process culminating in fast fibers being in a medial position (Devoto et al., 1996) . Notably, slow and fast fibers adhere to distinct ECM molecules located along the somitic boundaries. Unlike Laminin which is expressed throughout the MTJ, FN distribution is initially observed medially along the slow fiber anchoring sites; coinciding with slow fiber lateral migration, in a laminin-MMP11 dependent mechanism, FN is lost in the medial domain and accumulates laterally (Jenkins et al., 2016; Snow and Henry, 2009 ). Because FN is not observed at the fast fiber anchoring sites it is suggested that the MTJs consists of distinct microdomains depending on fiber type. Thus, similarly to Drosophila where muscle identity promotes tendon differentiation, in zebrafish the fiber type controls the type of MTJ molecules.
Similarly to Drosophila, interactions between the distinct elements of the musculoskeletal system are critical for maintenance of the MTJ in later stages of musculoskeletal development. Chick in ovo manipulations demonstrated that development of the muscle and tendon lineages is independent of each other in early developmental stages, yet at a later stage interdependence is observed (Kardon, 1998) . Work by Schweitzer and colleagues recently showed that in the absence of limb muscles, zeugopod tendons are induced but are not maintained and do not further differentiate, leading to their loss. In contrast, autopod tendons, although smaller than wild-type, are present and differentiate normally in these muscle-less limbs. These latter tendons, however, rely on cartilage condensation for their induction (Huang et al., 2015) . Fgf4 represents a candidate secreted signal to carry out the crosstalk between muscles and tendons in vertebrates, similarly to the Drosophila EGFR ligand Vein. Fgf4 secreted from muscle tips is required for maintaining the tendon differentiation factors Scx and Tenascin C (EdomVovard et al., 2002) . Feedback mechanisms such as the latter in which tendon differentiation relies on muscle binding might explain how even when limb muscles are mispatterned, MTJs are not affected and muscles are still bound to tendons albeit inserted at the wrong locations (DeLaurier et al., 2006; Duboc and Logan, 2011; Hasson et al., 2010) . Altogether, these mechanisms ensure an orchestration and synchronization of the development of the distinct musculoskeletal units required for the generation of a functional 'movement-generation' unit.
Attachment of chordotonal organs to ectodermal attachment cells: a combination of cell-autonomous and non-autonomous inductive processes
The contractile system (muscles and tendons) and the proprioceptive system (ChO and their attachment cells) constitute two parts of a single system that controls animal locomotion. Although the ChOs develop independently of the body wall muscles, these two systems must be patterned in a coordinated manner to guarantee accurate readout of muscle contractions and its translation into proprioceptive neuronal signals. The mechanisms responsible for the accurate matching between the patterning of muscles and proprioceptors in the fly are not fully understood. However, many lines of similarity can be drawn between the patterning of the muscle-tendon functional unit and that of the ChO and their specialized attachment cells.
Similarly to a muscle, which needs to be stably anchored on both its ends to immobile tendon cells in order to translate its contraction into movement of different body parts, a ChO must be anchored on both its sides to stationary epidermal cells in order to sense body movement. In addition, similarly to muscles that exhibit intrinsic directional elongation, the migrating ligament and cap cells of the ChOs do not depend on their epidermal attachment cells for elongation and migration, but rather are required for proper differentiation of the latter. The best-studied example is that of the most prominent larval ChO, the pentascolopidial organ (LCh5). At one edge of the organ, the cap cells attach to the cuticle via lineage related epidermal attachment cells (Brewster and Bodmer, 1995) . At the other edge of the organ the ligament cells migrate, pulling and stretching the organ, from a posterior dorsal region of the segment to an anterior lateral region of the segment (Inbal et al., 2003; Kraut and Zinn, 2004) . Upon reaching their destination, the ligament cells secrete Vein, which activates the EGFR in the epidermal cell they contact. Activation of EGFR signaling leads to up-regulation of StripeB that induces the differentiation of a functional ligament-attachment cell (Inbal et al., 2004) .
Although Stripe is not involved in the initial steps of capChO-attachment cells (Klein et al., 2010) . In mutant Drosophila embryos in which cell identities across the segment are altered due to mutations in segment polarity genes (e.g. hedgehog), thus altering the epidermal 'competence map', the ligament cells can still migrate to the right region, secrete Vein and recruit an attachment cell from within the nearest group of competent cells (Klein et al., 2010) . The ability of the ligament cells to turn towards the miss-localized Stripe-expressing attachment cell suggests that this cell signals back to the ligament cells helping to shape the junction between them.
The fact that the same cassette of genes that underlie the crosstalk and mutual influence between muscles and tendons, namely Vein, EGFR and Stripe, also functions in the patterning of the ChOs and their attachment cells, suggests a generalized model for Stripe-dependent patterning of organs that depend on reciprocal interactions between cells from different lineages (Figure 2) . Indeed, the same signaling cascade is also involved in the patterning and differentiation of vertebrate muscle spindles. It was shown in mice that the proprioceptive afferent nerve endings express Neuregulin1 (Nrg1), a mammalian Vein homolog. Nrg1 is then cleaved by the Bace1 (a protease beta-secretase) and activates the ErbB receptor in the intrafusal muscle fibers it contacts. This activation leads to the up-regulation of Egr3 expression (a mammalian Stripe homolog), and consequent muscle spindle differentiation (Hippenmeyer et al., 2002; Cheret et al., 2013) . Egr3 plays an autonomous role in the intrafusal muscle fibers promoting their differentiation and fusimotor innervation by regulating gene expression (Oliveira Fernandes and Tourtellotte, 2015) . The vertebrate proprioceptors are highly diverse, but very little is known about the mechanisms regulating their specification (Arber, 2012). Jessel and colleagues have recently shown that proprioceptors attachment cell development, it is required for later aspects of cell differentiation and maturation (Inbal et al., 2004) . Similarly to the switch from StripeB to StripeA expression that takes place during tendon cell maturation, StripeA expression becomes evident in the ChO attachment cells in late embryogenesis during the maturation of the acquire their muscle type identity in response to positional cues originating in the limb mesenchyme (Poliak et al., 2016) .
Tendons are essential for providing the stop signal, but not for attractive cues, in Drosophila and in vertebrates
Live imaging of Drosophila muscle elongation towards tendons in embryos has established that distinct muscles exhibit intrinsic elongation polarity independently of tendons (Ordan et al., 2015) . In the absence of tendons muscles do not lose their initial directional extension (Krzemien et al., 2012 ). It appears therefore that tendons and their specific surface receptors, or secreted signals, are essential for arresting muscle elongation and promoting muscle adhesion.
An essential, evolutionary conserved signal secreted from tendons is Tsp, an ECM component, which binds to the alpha2-beta1 integrin specific muscle adhesion receptor (Subramanian and Schilling, 2014; Subramanian et al., 2007) . Tsp represents the earliest tendon-specific secreted signal, essential for muscletendon adhesion. In its absence, most of the muscles fail to bind to tendons, but are still capable of binding to their neighboring muscles. Tsp promotes integrin accumulation at the muscle leading edge, which further leads to the arrest of muscle elongation and the initiation of MTJ formation. Interestingly, during larval stages Tsp does not appear to be maintained in the MTJ and is detected in vesicular-like particles in the muscle cytoplasm, possibly involved in protein translocation (Volk, T. personal observations). Tsp also plays an essential role in the attachment of ChO to their attachment cells and is required for proper localization of integrin in the cap cells (Greenblatt Ben-El et al., 2017) . Although the stop signal for migrating ChO ligament or cap cells has not been identified, we have evidence demonstrating that the ligament-attachment cell is critical for stopping the migrating ligament cells of the LCh5 organ and later on for stopping the migration of the ventral VChB cap cell (Halachmi et al., 2016; Hassan et al., unpublished data) . In addition, phenotypic analysis of tsp mutant embryos shows defects in ChO migration and a failure of the ventral ChO (VChB) to stall when they reach the ventral lateral transverse tendon cells (Greenblatt Ben-El et al., 2017) .
The EGF-like-7 protein Slowdown, secreted from the tendons The Slit/Robo signaling pathway had been recently implicated in the process of muscle elongation towards tendons. Slit is secreted by tendon cells, whereas muscle-specific Robo and Robo3 receptors respond on the muscle side to Slit (Ordan and Volk, 2015a) . At the tendon side Slit undergoes cleavage into the N-terminal active Slit-N, which is extremely stable, and in addition undergoes oligomerization, and associates with the tendon cell surfaces. The C-terminal Slit-C, is rapidly degraded. Slit cleavage is an important process because it leads to immobilization of the Slit signaling on tendons, restricting Slit into a short-range repulsion cue, which affect only the closest muscle inducing the arrest of its further elongation (Ordan et al., 2015) . Robo2, (but not Robo and Robo3) is co-expressed with Slit by the tendon cells and has a non-signaling role in Slit tethering to the membrane of the tendon cell. Both Robo2-dependent Slit cleavage, and the formation of Slit-N oligomers on the tendon cell surfaces are critical for direct arrest of muscle elongation and for providing a stop signal for the approaching muscle, through binding to Robo and Robo3 receptors expressed by the muscles (Ordan and Volk, 2015b) .
A highly similar process has evolved in vertebrate MTJ formation. Similarly to flies, no attractive cue secreted by the tendon has been found. It thus seems, that as observed in the fly, the tendon provides a site for muscle anchoring. While Tsp is expressed in vertebrate tendons (myosepta) it does not seem to play an early role in MTJ initiation as in flies. Rather, Tsp facilitates the organization of a stable matrix at the MTJ required for its maintenance (Subramanian and Schilling, 2014) . In mice, this early role may have been taken by FN, an ECM structural glycoprotein that like Tsp serves as an integrin ligand. In both zebrafish and mouse, FN is required for somite formation and its knockdown or genetic deletion results in somite and somitic boundary abnormalities (George et al., 1993; Snow et al., 2008) . At these stages, no subdivision to slow and fast fibers occurs in mice and FN does not shift along the medio-lateral axis of the MTJ. We have recently found that Lysyloxidase Like 3 (LoxL3), an ECM modifying enzyme is secreted by the elongating myofiber tip and oxidizes FN upon reaching to the MTJ. This oxidation activates integrin signaling within the myofibers facilitating their anchoring along the MTJ leading to the generation of an organized FN matrix (Kraft-Sheleg et al., 2016) . Myofibers mutant for LoxL3 overshoot their anchoring site at the has been shown to modulate Tsp and Integrin-beta1 accumulation at the muscle membrane, following muscle-tendon interaction (Gilsohn and Volk, 2010b) . Additional tendon-specific proteins have been identified, including the adhesion receptors Nephrin/Hibris (Dworak et al., 2001) , Unc-5 (Keleman and Dickson, 2001) , Leucine-Rich Tendon specific protein, LRT (Wayburn and Volk, 2009), and Syndecan (Steigemann et al., 2004) . Tendon-secreted proteins, including Netrin A, Semaphorin-5C, Collagen XVIII/ Multiplexin, have been also described (Gilsohn and Volk, 2010a) . Phenotypic analyses indicated that they do not function as active attractive cues, but rather as signals required for the arrest of muscle elongation.
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MTJ and attach to the adjacent muscle (somite) in a similar manner to that occurring in Drosophila Tsp mutants, suggesting that also in vertebrates tendons act as a stop signal to the growing myofiber (Figure 3) . Altogether, formation of a stable MTJ relies not only on the ECM and adhesion molecules presented on the 'tendon side' but importantly on signals emanating from the muscle that modify the ECM into a stable matrix. These processes rely on integrin signaling during all stages of MTJ formation and maintenance on both muscle and tendon sides, a requirement conserved between vertebrates and invertebrates.
Force transmitting mechanisms are involved in the maturation of tendons and muscles
Mechanical force has been recently implicated as a key factor in promoting morphogenetic processes during embryonic development. Once the musculoskeleton connections and the MTJ have been established in late stages of embryonic development and muscle contraction begins, force is applied on both the tendon and the muscle sides, further shaping muscle and tendon maturation.
On the tendon side, dense array of polarized microtubule (MT) are detected in the direction of the contraction axis, where the plus end MT binding protein, EB1, is observed at the MTJ and MT begin to form parallel array connecting the MTJ to the cuticle. Shot/ACF7 has a major role in recruiting EB1 to the MTJ, thereby stabilizing microtubule plus ends at this site. In the absence of Shot/ACF7 in tendons, the arrangement and polarization of the MT is disrupted, leading to tearing of the tendons, abrogation of contractile force transmission, and eventually inability of the larva to move (Subramanian et al., 2003) .
At the muscle side, force transmission is also essential for muscle maturation. It has been shown that manual disruption of force transmission between the tendon and the muscle by laser ablation of the MTJ, disrupts normal development of sarcomeres in the affected muscle (Weitkunat et al., 2014) . Consistently, we recently found that Shot/ACF7 and EB1 mediate MT polarized organization at the muscle side as well. Knocking down Shot/ ACF7 specifically in muscles led to disruption of the MT pattern and resulted in aberrant sarcomere organization, as well as disruption of the myonuclear morphology (Wang et al., 2015) . It appears therefore that the mechanical force developed between tendons and muscles following the formation of the MTJ, represents an essential signal for both the tendon and the muscle to undergo terminal differentiation.
Not much is known about the cell biological processes that take place upon force generation following MTJ formation in vertebrates. Using the muscular dysgenesis mice (mdg) in which due to a mutation in a voltage gated ion channel muscles do not contract, it was shown that the muscle contraction force is required for autopod tendon growth and for zeugopod tendon individuation (Huang et al., 2015) .
Force transmitting mechanisms and their developmental role in Drosophila proprioceptors
The ChOs experience mechanical strains as a result of muscle contractions. However, even without muscle contractions, larval growth on its own imposes significant mechanical load on the ChO that remain attached to the cuticle on both their edges as the larva grows. Within three days of larval development the LCh5 organ increases its length approximately 5-fold. During this period, the ChO attachment cells grow immensely and extend numerous MTrich extensions that might increase the contact area between the attachment cell and the substrate to which it attaches (Halachmi et al., 2016) . It is assumed that the growing mechanical stresses are involved in inducing ChO-attachment cell growth, but how the correlation between the two processes is achieved is still a mystery.
The ChO attachment cells share many properties with tendon cells. Both types of cells are defined by the expression of the transcription factor Stripe, they both require the bHLH transcription factor Delilah (Dei) for terminal differentiation, and both exhibit an elaborate MT-network. The connection between the ChO's cap and ligament cells to their corresponding epidermal attachment cells involves junctional elements similar to those used to connect muscles to tendons, such as integrin adhesion receptors, Shot and Tsp (Greenblatt Ben-El at al., 2017) . This similarity reflects their function in force transmission. Of note is a unique isoform of alpha-Tubulin, alpha-Tub85E, expressed exclusively in the ChO and their attachment cells, possibly reflecting a difference between the strains sensed by the ChO attachment cells versus the strains sensed by tendon cells.
The fact that the identity and differentiation of both types of attachment cells (tendons and ChO attachment) is determined by Stripe expression, raises the question as to what distinguishes between these two developmental programs. Although a specific cell-identity regulator has not been identified, ectopic expression of Stripe in the ectoderm reveals domains that are competent to differentiate as tendon cells (expressing the common attachment cell markers, but are devoid of alphaTub85E; Klein et al., 2010) and domains that are competent to differentiate as ChO attachment cells (expressing the common attachment cell markers as well as alpha-Tub85E). This observation suggests that the epidermis is not equipotent in its response to Stripe expression and that the competence of cells to acquire one of the two attachment cell-identities (muscle attachment or ChO attachment) is embedded within the pre-patterned ectoderm and depends on segment polarity pre-pattern genes such as hh, en and wg. The division of the epidermis to mutually exclusive domains of alternative cell fates (tendons vs ChO attachment cells) may play a role in the copatterning of the two complementary systems. This is reminiscent of the patterning mechanism of the adult thorax in which a mutual exclusion of sensory bristles and tendons on the notum of the adult fly had been described (Usui et al., 2004) .
Perspectives
While the signals and genes implicated in the formation of each cell type within the musculoskeletal system are slowly unraveled, understanding the mechanisms underlying the crosstalk between these tissues and the contribution of the mechanical load to the system are still unclear. Multiple lines of evidence, in both flies and vertebrates, demonstrate that the interactions between muscles and tendons, or between ChO and the cuticle, rely on modulation of ECM components that promote activation of integrin signaling in both directions (outside-in and inside-out) at the anchoring site. The extent of integrin signaling might be also affected by the mechanical load and by the composition of the extracellular matrix, however the molecular basis for this is unclear.
The formation of the MTJ or the ChO-epidermis interactions induces the secretion of survival or differentiation factors (e.g., Vein in Drosophila and FGF4 in vertebrates) . Surprisingly, only a handful of secreted factors that are functionally linked to the crosstalk between these tissues have thus far been identified. Uncovering additional growth factors in that context should promote a more comprehensive molecular understanding of the dynamic nature of these interactions.
Altogether, a gap still exists between our understanding of the mechanisms involved in the development of the distinct tissuespecific elements and the molecular knowledge of how they are integrated into a functional unit. Future work with a more holistic perspective and molecular analysis in the frame of whole organ development will allow closing this gap.
